“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1971-09 


Spectral anemometry with an 
electrogasdynamic probe. 


Laib, Ronald John 


Monterey, California ; Naval Postgraduate School 
http://ndl.handle.net/10945/15909 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 











United States 
Postgraduate School 





ryt A Gl Ge 
: . i mn oS 
i At. At re oD. et | Seth eal 


( 










SP RCT Reba AN MOnwis [ky 





Witt AN EEECTROGASDY NAMIC PROBE 


by 


Rona teameioin Laub 


O- 2b1b Lave 





imnesas AGVisSor: 


Dae ee | 
Sepieemimen oa) Tae 5 - 








Approved for public release; distrtbution wilimcted. 








Spectral Anemometry 


With san ELCCtTOo asa man meee role 


by 


Ronald John Laib 
LDuewtenantarlnai ted States Navy 
Bee, “Comcordia.Collece 190s 


Seb ivmettedi Mp are ial Ui tiiinen tao t sene 
requirements for the degree of 


Maso OF SCIENCE IN AERONAUTICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
septemper 1977/1] 








ABSTRACT 


This study involves the measurement of) RWG.) cto ewan 
Seeverino@gire frequency spectrum 25 to 20000 Tie?) 7a 
an electrogasdynamic (EGD) probe. Previous work proved 
ne feastimmityeot this investigation. The #low of gai: 
behind a circular cylinder was measured. The freestream 
feehocity was 185) ft/sec. Charged water droplets entering 
Mme wake through a jet in the cylinder at sonic velocity 
gemeead as the media for conveying information to the nrobe: 
fot-wire anemometer readings made in the same spectral 
mame were used as the standard of comparison. However, 
mmese need further refinement. 


Simerecronlier tormation was optimized by determina- 


meee coinage control of the relative humidity of the £reestrean, 


See temperature and steam pressure. Optimum droplict 
@meamege was then determined and controlled with corona 
femeeaoe. A 10 to 15 decibel increasé in high frequency 


meaponse and stable performance resulted. 








TABI. OF CON TEMIgS 


Ir. INTRODUCTION ----------------------------------- 10 
ly THEORY ----------------------------------------- 12 
III. EQUIPMENT -------------------------------------- 16 
IV. PROCEDURES ------------------------------+-+----- 20 
Vi RESULTS AND DISCUSSION ------------------------- 26 
VI. CONCLUSIONS ------------------------------------ 30 
VII. RECOMMENDATIONS -------------------------------- 32 
TABLE ---------- 72-3 erence reeee ee 34 
FIGURES -----------------------+---------+--------+--+-- 35 
APPENDIX A: PHASE SHIFT CALCULATIONS ----------------- 59 
SP PIII 6s) DVENMEIIU DON MISONO) AVA A er 6.0 
APPENDIX C: TERMINOLOGY RELATIONSHIPS ---------------- 63 
BIBLIOGRAPHY ------------------------------------------ 64 
INITIAL DISTRIBUTION LIST ----------------------------- 66 
FORM DD 1473 -------------------- +--+ ee eee eee 67 





AO: 


gg 


acs. 


eS. 


a0. 


yl. 


LIS? OF 1TLbUStRArireis 


EGD Generator Schematic -------------------------- a5 
Mebility of Water Droplets 1 Ata tel cnmecue 

DC I Re a Sa a ee eS eee eae 36 
NOGOS Olen Il NGC CEOM mass = eS oS aie Se oui 
Goll Wetetwfene Ie ouicjolss te Se SSS eS SF 
MILP Bl Seca) Sl ey Si@ineine wie ss 2=2 505205 So SoS Se eae 3§ 
le eee a | Saree ieee Geil INaaicoje === =o sos Soe eo aae 39 
SCING NEVE (EOE 7 serail yea CT cE s geen So 39 
Pree ittece Ge ene Nay 7p ee 40 
Peel act enet oe LF NOW 9 41 
Coma eee eae) mcs jelen@= Nilo Neste 9 === =o oo 42 
Mebispiay trem Hot-Wire Anemometer 1) = 10> me 
Pave Ursplay trom tot-Wire Anemometer, b= SS. - ad 
Pam vesiiay trom EGD' Probe, “Loos eming = 9==—-— o> 45 
Macmolne  NensSity-lenperature Pilot =e]. o> 46 


Comparison of EG) and Hot-Wire. Data (12.2 psie, 


240°F, 3.8 kV) ----- 0 reer eee reer ee eee eee ee eee --- 47 
Comparison of EGD and Hot-Wige Data (12.35 psis- 

245 6, 3.00 KV) -----------=3— rear ge tae eta 48 
Sonparison of EGD and Hot-Wime Data (1s. psa, 
246°F, 4.1 kV) ------------- e+ -----eeee------eee 49 
Comparison of EGD and Hot-Wire Data (8.0 psig, 

231°F, 2.98 KV) --------- rer ere rec ere reer ere ee 50 
Comp kson Of GD and Hot-Wire Vata s.l psig, 
ee) onl 
Coitteanisen of JEG) and Hot-Wire Datae(7.8 psc 

24570 3.2 KV) =--- en eee eee See eG eee 52 
Comparison of EGD Displays (8.0 psig, 230°F, 

Th = 1.6 A) --------- rrr rr rr rr re reer ---- 53 








ee 


ZO). 


Comparison of EGD Display see. vc ope cme 


De = O00 A) mattis Se a ee 54 
Effect..ot Density on Current Ei trevene) seo a 
Optimum Temperature and Pressuvc. 32 = =e 56 
Optimum Voltage and Current ---------------------- oe 


BPrreec Ob@lemperature on Hach Frequency ere opons. 
aSfaerunction of Current Etficicncy f= — =e = ee 58 








TABLE OF SYMBOLS AND ABBREVIATIONS 


A amperes 
AC deren ae nee Clr sent 
C Celsous (Centigrade) 


cm Cenmine Feu, 

G Centmenslaimnic 

D diameter 

dB decame1s 

E Cleeiyic ticld strength (volts/meter) 

Ey Breda electric field strenpth (volts/meter) 
EGD electrogasdynamic 


f£ freduewey (Hertz) 


fps feet per second 

fete hee 

GR General Radio 

Hz Herez (cycles/second) 

il Atoiemeurrent {microamperes) 

To Seitemaror cOlLlLGGCtOr prove Clu, ot (Miereansencs) 
I, total current, needle current (microamperes) 

j current density (amperes per square meters) 

ez kKilohertz 

kV Kidove lt s 

kQ kilohms 

2 distance between collector probe and corona ring (mm) 


1b pound mass 








Sec 


min 


hie teu 

Ma Lbame tex 

pressure (pounds per square pace 

pounds per square inch absolute 

pounds per square inch gage 

resistance (ohms) 

Powetive MUNnIGter s(Dereent) 
meCGre-eal=SQWare 

Teepe @eiined as WE/U and dimensionless) 
Saturation 

Seconds 

Bemperature (degrees Fahrenheit) 

Saturation temperature (degrees Falirennert} 
Wvenmetmeyotems, inc. 
mMereisity Of turbulence {dv) 

turbulence intensity as measured with EGD probe (dB) 
Herp mlence intensity as measured with hot gware sds, 
ieaeeeim turbulence intensity Occuring Tim tie 1 requeme, 
spectrum, usually at the Strounal or twice tie Staoulae 
frequency 

Minimum turbulence 1ntenmsaimmoccurine in tieutrcqucie: 
Spectrum, usually at 20 Kiger the highest frequency 
sampled 

Weoest ream VCPOCI ty anced ot thescylimder «405. 


Vol t 


Gerona voltage, potencaal diiterence betycememcedc 
amdeattracter Tine (Volts) 


root-mean-square voltage (dB) 


SbeectyGuineit voltage 








Qo 


X-axis on X-Y display in 30 discrete trcaq ie... 
Prom? seo. .20 20 00a iz 


y-axis on X-Y display indicatime (oi cial pe meda, 
fe@ rien). t. o Sle ZO eg 


comparison of measured turbulence intensity Depmrvecn 
hot-wire data and EGD data (dz) 


a measure of the high frequency response by comparing 
the turbulence intensity at 2 hieh frequene, usa. 
at 20kHz) to the most intense turbulence in the fre- 
quency spectrum (dB) 

Meme itye(SQuare MCters per volt -sccomacy 
microamperes 

microfarad 

G@iawee density (GOulLomD pCa =cub mesme gen) 

ohms 

Cireular irequency. Zui (radians permeceeona) 
apnroximately 

decree 

inches 

ereaver than 

number 


pe Lect 








ACKNOWLEDGEMENT 


The author wishes to express His acepestveraumpade 
mo Assistant Protessor Os@ar Biblayz tor esi help wae. 
aad time; to Naval Postgraduate School techmici aie eee ot 
meckey for his invaluable technical Services; and £6 
Assistant Professor Thomas M. Houlihan of the Mechanical 
Em@eineéering Department for his assistance and expertise 


Mimnmot-wire anemometry. 








I. INTRODUCTION 


Previous work in Electrogasdynamics has indicated a 
definite correlation between EGD probe readings of col- 
Mmector current and the méaioand rmssveloci ti esmncacuacd 
mee a hot-wire anemomcter ame the tunbimlent wakewot aleir- 
emlar cylinder [G@], This thesis 1S amgattempt tomimprove 
mae Spectral correspondence of EGD probe measurements to 
firewire results. The probe 18. a stainless {steceimiod qin 
mesiarpened tip which as placed in a moving stream of aa 
Mme It COlleCctSsS Chlarced particles. Fommeciarced pamriciles 
Seepporoper Size and charge, surficient coupling may result 
mr the turbulent flow to allow measurement of the spectrum 
Meciurbulence intensity. 

The advantages of the EGD probe as a diagnostic tool 
@ver the foun anemometer are manifold. The probe is 
meoy rugged, allowing probing of intense turbulent fields. 
memes Very Simple and inexpensive and, thereforey can be 
Sasily manufactured. The probe tip area is small and sym- 
Meerical, allowing better spatial™resolution than the hot- 
ene olnce the very small charged particles can react to 
Ieeen frequency oscillations, the frequency response of the 
row probe may be higher than that of the hot-wire. In ad- 
dition, signals from the EGD probe, which are electrical 
meampnature, need little or ne further amplification [7]. 
Merects corresponding to the thermal imertia of hot-wires 


meemenOu present. Tene 1S no requirement to feed the 
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output through a linearizer since the LGD lout pie ee ak 
linear, i.¢., a direct measurement. Also eliminated is the 
effect that free convection currents have von Cie eiotms ane 
Zero setting. In the case of two7pnase ft) Ulds tee oe 
probe needs no separate calibration and will withstand 

ime impact of charged droplets or particlesmwmereas thie 
tPacile hot-wire will readily break under these Conditions. 
fire main disadvantages of the EGD mechanism are the require- 
foemes FOr 4 SOUTCE Ofmehamoed particles of oplCimumesize and 


emarge and for a high voltage supply (along with the neces- 


mi Satety precautions). The optima appear to be rather 
Sercical. 
DiC SpeclilGs©b)cetives Of “Enis timecaseane. 5) 


Pmeevement of the high frequency response of The EG)! @mrahe 
wee?) the elimination or explanation of inconsistencies 
bemyvecn the EGD results and the hot-wire results; and 3) 
M@mendetermination of the effect that various parameters, 
mee. , Umidity, steam pressure and temperature, the ratio 
eeepcollector current to total current, etc, have on the re- 
eemes. <A lesser objective was finding a means of facili- 
mee «the reduction of data for comparison to hot-wire 
data. . 

This work complements part of a comprehensive, long- 
Mem project being conducted by Assistant Professor Oscar 
Peoarz, Department of Aeronautics, Naval Postgraduate 


pmnool. Existing EGD equipment installed in Building 230 


mercthe Naval Postgraduate School was utilized. 


slg 








Pin th B OR 


In, 1959eRennettin| 2.) pointed someetnat soe ea yin ice 
@rical charge ian the yolume of asst peaiivot sae ee ames, 
Sumthe surface of a belt, a paseous Vande Grart (senerare, 
Gould be built. Since a ereater volume of charge would be 
@enried at higher speeds, much higher current shoulid re- 
mec. Ihis marked the beginning of the EGD generator. 

The basic EGD mechanism involves particles which are 
mierocuced intO an air stream or other suitable gas at the 
Semerance of the test section (Figure 1). For the source 
of charges BAe Oro FLOW COMmguncCEnon Wit ail Loni gen, 
mire used, Saturated steam is injected through a corona 


@ischarge inte the "turbulent" wake of a cvlinder. The 
corona discharge is produced by applying a high voltage 
Bemeween a Sharp needle and an attractor ring which is em- 
mecaed in the wall of the steam nozzle located on the 
iemstream side of a right cirevlar cylinder. Electrons 
imgemethe negative needle drift toward the attractor and 
mecach themselves to the then-growing water droplets form- 
ing negative charged particles. Some of these charged 
Pemecrcles are in turn dragged or convected by the air flow 
enn the conversion channel where their electrons are 
Mmaurmerred to a metallic collector probe. Since the col- 
lector is also negatively charged, work is accomplished 


amd some of the kinetic energy of the gas has been changed 


agirectly into electrical energy. These charges flow 
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through.an outside Circuit and return Goeenemme sore 
the energy dra@mmed from the gas 1s "hiimna le tice ome acer 
has not beeieadisturbed by the cConversionmomoceac 

One of the important "parameters ier cee meee eee cee 
lee the eee eat iS (£00 small, 1.64) Very mich ele ee ema iaiem. 
Pewecity or the partrcles becomes largemand scm rent loss 
fmeults as exemplified ian the current density vequation for 


EGD, 


> > 


j= p, (WU, - UE) (1) 


meere UE 1s the drift velocity. By rearranging the equa- 


mien ii 1tS scalar, one-dimensional form one obtains 


: E 
jee, Q- FF) yu, (2) 


(ee) 


pee slim can be défined as 
u 

eae 3 

U fe) 


mum Cercain range of radii, as the charged particle size 
Merereascs, the mobility constant increases (Figure 2) and 
Mmemee Slip increases [3,9]. 

Mobility 1S a function of mass and charce of the 
feeeerelo., since the ability of a charged particle to aol- 
Hew the turbulent eddies in the cylinder wake is a function 
OeeertS masS, an increase in size results in lower frequency 
imeesponse of the charged particle. This can be seen by con- 
edering the effects of inertia in a moving particle. A 
mrerticle en lessemass Cainwacceleratemedecclerate, and 
mice Girection mucn faster than a particle of greater 


iaieoeexpoOsea tO the Same forces. 
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One or the problems in previous Anvectieatve ie 
has been the generation of steam droplets of %¢exveemrs 2c 
for high-frequency coupling and “Cornpecre scr a: dem tenmenr| 
Mebility.  $Inj,ection Of particles panei eeet ecm ioe 
iO 107/ meters charsed in a Corona firetaene ecw ines 
Meximum drift velocity of one to tem meters per second 
bee dilows particles to fluctuate with frequencies up to 
50 kHz [4]. Previous work showed a high frequency drop 
meme the EGD probe in comparison with hot-wire anemomefer 
Measurements [6]. An analysis indicated that the particle 
macd1us was on the order of five microns [4]. Therefore it 
memowtilate tie Size Of the Steam droplets ean be reduced 
Meeeececreasing the condensation which should, in turn, ce- 
iit. in an increase am EGI) probe bandwidth. Previous work 
Showed that "condensation" was decreased by lowering the 
feam pressure to below 8.3 psig [4]. Wetness could be 
feeteasca by Superheating the steam as it travels from 
M@emoteam generator to the cylinder exit nozzle. In ad- 
mmeton, Reference 135 (unpublished) and Some of our pre- 
iminary work indicated that certain ranges of relative 
mai ty of air in the channel could enhance particle size 
feeeet Injection into the air flow. * Thus, high-frequency 
imemouse COUuld also be enhanced by controlling relative 
imamLcity . 

Ome Mast area Coneerns tne Standard 0 Lf compar tse, 
imi esnNOL-wWire anemometer measures the turbulence in a 


single-phase flow while the EDG probe measures a two-piase 
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flow. The frequency spectrum of these two toc ey ae 
fer since the droplets most likely eniaicop ence lowes 


fUCNCY Spee Ean: 


IE: 








Li BOUT EME 


The hearteom the apparatus 15 “aie smaleiegokex1 oils 
mand tunneletest Section. The 1s 1g@eiieieins loms saa cro 
Poe tour inchesmin cCrosspsection andwieenmmienesmin Meme: 
ine test Section Contains a steam ampector Umltey nici 
med by a heated steam line from a st@am generator (| 10). 
imme acrosol injector nozzle consistseonr a stainless steel 
tine embedded inwthe cylinder wall which allows the in- 
feecion of condensing steam into the turbulent wake of 
mime Cylander (Figure 3). 

Pimersteclerime clscow Serves as tne (Conon DO me 


mies clectrode of the aerosol adonmizer. the nemative 


i i a ae ee 


mrecmmode Gonsistceel westec!] needle positioned ame thie 
memoina rage centerlame but sdaght i wrecesseds AgSsorenscen 
Bueeia-Voltage DC Power Supply provides the high potential 
between the ring and needle necessary to negatively charge 
mie Steam particles as they pass through the throat of 
me nogzle (at sonic velocity) anto the turbulent cylin- 
der wake. The potential difference is monitored by a 
Bemsitive Research electrostatic voltmeter. A few milli- 
Meters downstream from the cylinder nozzle a third elec- 
ijeode, Consisting of a stainless steel probe with a rounded 
mep (Figure 4), collects the current and thereby detects 
mie tTrequency spectrum of the turbulent wake via the intfor- 
Merion carried by the charged particles. 

items Supplacd by a Carriegmunnee- stave Celta. 


fugal compressor with a maximum flow rate of 4000 cubic 
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feet per Minute and a Maximum pressure u2 aelomet oe oe 
air is fed through a cooling bank inte pee sna ole nom 
which is-attached to the pléexicglassmiees tee cio cece 
em the cooling bank which controls "he aneunt women 1 sie me 
@ooled also enables conmittrol of the temperature and iemec 
@me relative humidity of the air (figure 5). The ain passes 
Morrough the test section and around the cylinder, then 
mes With the steam jet. The partieles are convected to 
Micmeoilector probe, where they sare netitralized, and the 
miscer-adiy mixture flows out Of the test section into. che 
atmosphere. 

wie clmrent trom the Collector probe suse ca Tito. 


Meteieebox which houses the circuitry for the probe (Figure 


weesce Current flow [ll]. A Simpson microammeter measures 
mmemmecol lector Current. dhe capacitor and the neon bulb 
fee ceswWitchwprotect the frequency analyzer.  ~ilhe capaci- 
feo 15 Selected large enough to ensure a phase Shiit of 
less than one degree in the frequency spectrum from 25 
Imetz to 20 kilohertz and to accomodate the high voltages 
which are present (Appendix A). 

The pre-amplifier (Figure 7) ts a self-powered unit 
memersting of a UA/41C operational amplifier, resistors, 
fea battery. It provideéS a gain of ten over a frequency 
range of 100 kilohertz. A shunt resistance of 39,000 ohms 
Bempbaced across the input in order to avoid saturating 
mmeroperational amplifier in the preamplifier, 1.e., one 


Mtadwotrtie signal ageupled off by this shunt. 


Jey 








The frequency analyzer as a GéneralRadmosComo msi 
1921 Real Time Analyzer (Fiscure 8). Wier weenie cecum 
1925 ultiPidter and a 1926 Multichannel isewerecre 7: eme 
Sigma (Fipure 9) direm the preampli fie mes sou ten cemcme 
Mmultifilter, separated according to frequene, pve tnee mene 
mmo detector where the data are converteds oy binar, duo oe 
form and ohe mms level Scemputed by ee inear sneer tome 
ire computed data are then displayed digitally on the rms 
SetectOr lilxile-tubes and the analog form o£ the data is 
Maso jyected graphically on a Hewett-Packard X-Y display. 
Pcie y a Tektronix iype RielS or a lype ss) bua se an 
oscilloscope is used to monitor the signal input to the 
Pmeauency analyzer. 
meee a Ihermo Systems, Incorporated, Model 1050 and 1051-0; 
Semctant temperature hot-wire anemometer (Figure 10). The 
fmeauency response of the TSI equipment was superior to 
fmemcrequency response of two other constant temperature 
hot-wire anemometers which were also tried, i.e., a Flow 
Merporation Constant Temperature Anemometer, Model 900, 
@ma a Security Associates, Model 100, hot-wire anemometer. 
imeercdition, the TSI unit had a built-in signal generator 
fmierenabléeéd simplitied procedures for frequency calibra- 
mom. A Kronhite Modél 5202R bandpass filter was used in 
Semyunction with the ISI] unit to filter out the noise from 
Boeside the test frequency spectrum, which was 25 to 207000 


hertz. 
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Other equipment included a psychrome ter so meneame 
test section air humidity, a Simpson mircnocince cueeiem 
measuring meéédlewecurrentweand a voltages creme iuor ton 


megulating lime voltage. 


ie 








LN oe PROCE RUE S 


The experimental procedure developed fron@anweunme a! 
familiarization with the operation of the apparatus amd 4 
mesire to start with a-verification or previous wor. sens 
meoduced results Similar to those reported in Reference 6. 

The succeeding runs involved a@ change from a 075 
feerorarad, 2000 Vdc capacitor to a 10 microfarad, 2000 
Peles capacitor in order to eliminate a phase shift im the 
Pereion of the spectrum below 250 hertz (Appendix A). A 
closer correspondence in themtlower ae of (the frequeney 
meeeerum now existed, between the EGD turbulence intensity 
(Ty) pn demElie stete= Wi cmmmmEMmenc cl il Geim smi, (T),) > than 
Measured in previous work [6). 

Asbestos iansulation was wrapped around the bare por- 
miomeat copper tubing immediately below the cylinder. “This 
fmevented early cooling, and subsequent condensation, from 
Mermaing particles of too large a mass, which translates to 
eeereat inertia ke bowemobility,  Dlmaine@enemtest runs 
to check these changes, attention Was given primarily to 
ime heat (this tape heats the line between the steam 
generator and the cylinder in the air stream), steam pres- 
mae, ond applied voltage. @ihe temperature range was be- 
mecen 250° F and 288°F, the pressure between 7.9 to 14.1 
fc, and the-voltage between 215 to 3.1 kilovolts. 

Dinge much of thewdata taxen on ditterent days Showed 


meccle correlation ewen when the above parameters remaugmed 


20 








unchanged, it was necessary to investigate other parameters. 
Closer observation of the relative unm Se some ec ie 
accurate .device for measurement of humidity, and measurement 
of humidity in the test section during operation revealed 
that the best. results occurred on days when the relating 
Mmomidity in the Channel was less than 467. 

FOYT Opem@aibioneat Zoo relativemaumidityemecst Scere 
temperature ranged between 95°F to 125°F. Difficulty was 
cme@cuntered im gettiane values of collectonseurrentiwand 
[meommencurrenu ©recater than zero when the reladtayve: hunpdury 
and I 


Mase 255. Even at 30%, I tended stembe inat team ic 


G T 
fienoammeters registering zero approximately half of “the 
mie. Good results occurred at 32% andgthis value awas 
Gcmascn dor subscauent teste . 

Wye next DOFtION Of the sexperimicmeewosmdevoted fom 
mmerougph testing of the equipment after it was discovered 
Meweetie imternal calibration voltage was occasionally er- 
mere. the General Radio equipment tested in accordance 
ieee Manual specifications. Noise in the output at the 
ewe trequencies (most prevalent around 60 hertz) was re- 
ameed by grounding all equipment used in the experiment. 
Paeeine voltage regulator was installed to decrease fluc- 
meerions in line voltage which might affect the equipment 
eae results. 

A method of comparing existing hot-wire results with 
Powe measurements was devised using the multifilter unit. 


I[paeSUDETACtIMmaroutc the values (in deeibells) of the turputemec 


a 








intensity as measured by a hot-wire thiemchoutmeme frcaucne., 
spectrum on each of the multifilter Channels en) oder oe ed 
from a Stradeht line on the X-Y display eayee@an aimed ce 
miaication of the portion of the spectrum ey eee © 
EGD measurements did not favorably compare and the amount 
by which the intensity differed from the hot-wire data. 
Peeause it appeared that some values sof thesmulitiriirer 
Poameines would subtract out a ereater value er turbubence 
imeecnsity than current EGD measurements were producing, 
mie preamplifier was incorporated. 

ire NOtewiremancnoneter pOrelon of Unmemenpe Fiemme 
meomconaucted to obtain measurements of turbulence In 


——s 


Memsity , ve at AmiG@z@zbeepmesscure of Ciplht psig amdetc 


taiven at VSensic (ein onder tea Saami 


Merify previous data H 


2 ata 
late the jet effects but avoid the two-phase flow in which 
Pm hot-wire calibration 1s not useful and also to avoid 
Meeakineg the hot-wires by droplet @mpact, the steam unit 
weeredisconnected and alr at the same pressure was inyected 
mmeag the cylinder and out of the nezzle at 8 and 13 psig 
ween «6h AAW CcLimited amount of testine@™{which occurred before 
Miemrailure of a field-effect transistor) with the Se@unaty 
Pemsoctaces Hot-Wire Anemometer produced results which agreed 
Moen those of reference [6]. 

A lhermo Systems.) Incorperarcam( ls! Meonstant “cenper= 
mene anenometer providedmal much Preater ingemsity at the 


ren frequency end of the™spectrum than had been previously 


measured {Figures 11 and 12), especially when nozzle air 
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was on. Figure 11 was the result obtained Usane agi. 
55F3l probe. All succeeding runs We pesado) temp r ope 
used in previous work which are locally manufactured. 
Subsequent runs with a bandpass filter did not improve 
the results. It was later discovered, however, that a 
pebonall greater than 0.5 volts was possiply my cerca mms 
the General Radio 1560-P40 preamplifier, damaging the 
melad-errect transistor. Even though hot-wire measurements 
were made bypassing this preamplifier, it did obtain power 
from the frequency analyzer and was left connected to the 
emeaiyzer. It is not kmewn whether this could have caused 
Pee tray Ssienal to be amjected into fhe analyzer Gausing 
this unexpected, high frequency "tail." Another measure- 
meatewith whe TSl unm was attempted” ater the above ex- 
femetence and Culminated in failure te the TSI] umue before 
peeeeresults could be obtained. 

iiemminal DOTrt1On OF EhiS eCxXDPemmmnent prac eedl ialee 
EGD results reported herein. A smaller stainless steel 
meee (0.062 inch diameter) replaced the 0.125 inch steel 
mrepe used initially [6]. It was felt that a smaller probe 
would sample a more localized area and not tend to average 
the turbulent eddies present in a ‘larger volume of space. 
A new preamplifier (Figure 7) replaced the General Radio 
mo0-40. A shunt resistance was incorporated to avoid 
Smerm-driving the operational amplifier. Channel humidity 
meemneld at 32%, as measured at the exit of the test sec- 


mone rcifphit Gentimeters art ot the cylinder nezzie.  8.ave 


iia 








temperatures were varied between 230°F and 295°F. Generator 
eollector current was varied between ze romand se Zen peo 
peres and applied voltage between Zenomanidied Scio ecm 
Collector currents less than 0.02 miereanperncsevecreumoetsne.4 
sured. 

the frequency analyzer convertecdmtnes Cec lect nies 
meet from AC voltage to the appropriate value in decibels. 
The measure of turbulence intensity, T, at each frequency 
Sampled, was expressed in dB and read directly from the 
mepercisplay or the nixie tubes (Appendix By. The pro- 
cedure developed for comparing the EGD data with the hot- 
reeee results ‘ie as follows: %. represents ine valuemon 


i 


turbulence intensity measured with the EGD probe as given 


byeeene frequency analyzer and exnressed an decibels. fT, 


n. 


iemlakewise the value of turbulence intensity measured with 


the hot-wire anemometer. If the difference, AT = Ie Tp» 
mamene Same (2+ ] dB for error) for each frequency, them the 
meererence results solely from the difference in amplitica- 
fiom OL the two signals and the two signals are considered 
fem 1dentical. in this context? = logig PO (Appendix 
cy. 

ihe procedure developed for determining the high fre- 
Meeney response involved a comparison of the diiference in 
mmeensity between the most turbulént- and the least turbulent 
frequencies. es is the maximum turbulence intensity, | 


Mmevalily found at either the Strouhal or twice the Strouhal 


frequency. T 1S the Pein turbo Pen@cm inne ms a y samen 


Tih alg 
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od 


decibels, normally found at the hignestetvecanene AT aR = 


iS a measure of the dificrence um ryt ne, 


T. -T. 
Max min 


of the turbulence between the two frequcmeme cee = cnr 
@utference 1s small, then a good relative: peauc me: 


fesponse is andacated: AT ER 


greater than zero since, theoretically, turbulent vertices 


will always have a value 


mmeneh frequencies dissociate rapedly to lower frequency 
memperces [{/]. The typical intensity versus st equeney 

eumve for a free jet exhibits a eradual decrease im in- 
memsity as the frequency increases [7]. The best (smallest) 
vemme of AT, obtained for both EGD and hot-wire data was 


PR 
eed B 
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V.. SRESULIS AND DISCtus sie. 


GOOCmResILt Ss were consistently obtainedm@dnem 1littiec 
Gino tape heat was applied andswhen theyeod lectonrecumncit 
bem very carefully controlled (Table 1). “Rretre 4S shoge 
fmeorresponding drop in hich fredueme, 1espense acm cipe: - 
“re is increased. im order to examine and compare@d@ata, 
gmplot of pressure versus density for various values of 
Mmemperature (Figure 14) was constructed from steam tables 
[1,8]. This graph was used to convert values ofepressure 
and temperature into corresponding values of density. A 
check of the steam pressure and temperature values imposed 
G@mmine the experiment, on this plot, reveals that best re- 
Meas werce Coteaimed aihen pcimits deay in the satumeted oF 
peecrsaturated regions. 

Two methods of comparing EGD and hot-wire data were 
Meed, both using the data shown in’ Figure 11 as the stan- 
Gen Or COMparison. Figures 15 through 17 show typical 
Meeults at 12 to 13 psig with varying temperatures and 
memeeores. With the tape heat turned off, the temperature 
Seamee steam at this pressure 1s 240°F. Saturation tem- 
peratures of the steam for these pressures are 244°F and 
@aG6°F respectively. Figures 18 through 20 show typical 
results at 8 psig at various temperatures and voltages. 
Mechis pressure the saturation temperature is 235°F and 
the steam temperature with the tape heat off is 230°F. 


myese results are compared with the best hot-wire anenomete? 
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data avatkablewmy These data were Chosem as sine wstanaaneo 
comparison since these were the fipstedataweqiheeecd same 
ene TSim@inmit 2nd are expected CONDe ETreem i reneciiy me f nemine 
dime tO sSubDSequent mal functionine ereccronme wes Wleema 
aoa are alryeady converted to decaibels | Ueimagne (Seem p- 
pemaix C) the desiréd points one sinpiy takes eme dit- 
memence Of the logarithm of the plotted points at each 
meoauency, measured from some arbitrary reference line; to 
Mmempoints te be matched. Twice the Strouhal frequency 
weasmenosen as a reference point Since it is the most dom- 
pageant point on the EGD and hot-wire data collected and 
moo Sittce the frequencies just beyond this point are most 
moponsSive to changessan parameters. 
Tie second mesgeodect comparin 
meee data was by inserting the hot-wire data into the multi- 
memeetT as explained earlier. Figures 21 and 22 show a 
@emoarison of typical results displayed during testing. 
Ieee 25 Snows the effcet of me density ox tlie 
mmecnl On the current efficiency (I,/1_) fOr the tweepnase 
mod. in addition to the sensitivity of the current 
eeerctency to a small chamee in voltage, the effeer of an 
mrerease in density is to require aes em VO kta ee li 
meee econ ODtalnN the same cUmrent efriveiency.= This shidie- 
mor the Curves to the right 1s simalar to that reported 
ipeevolcdy |12| tor the effect om pressime (temperature was 


lend constant) in a single-phase fluid (air). 


La 








Comparisons of Table J with Fileure | oiemae 1 oie 
through 22 reveal that the best Muphieereduene) seo pem- ce 


ae | pailaie M1 AT rR 


temperature is at or below saturation temperature for a 


1S least, generally GCeceurs when thee ee 


meven pressure. Figure 24 is a plotvobipres seme a 
men trequency tesponse for three names Gd Pemperacure 
momsaturation temperature ratios. The relative humidity 
mies the collector probe distance remained comstant. The 
corona voltage was held constant at three kilovolts with 
exceptions shown beside the data points. The best high 
imecauency response (lowest AT upp) Nee bic Ciuc ee Shes ies 
Batunration and saturation temperatures with the best re- 
mers in the elght psig pressure range. 

Fieure 25 shows that a wefinite onigummn voltage exists 
iomemoperation at good high-frequency response. All other 
wemranles are held constant but a slight decrease in the 
mebative humidity from 34% to 32% and a slight increase 
mmoressure from 8.1 to 8.2 psig during the experiment 
[ieeeeave had an effect on the optamum collector current 
aiewon the current efficiency. The accompanying Changes 
Mmammeerlector Current and Current G€ffveiency are shown. 
feaecmea tricgcperins’ voltage 1s attained, collector cur- 
maimeeincreases linearly until finally a plateau is reached- 
mee oraph shows that the optimum current efficiency does 
mee OCCUY at the optimum voltage, although some previous 


SmeservVations indicated that pood results occurred at a 


m@iprent Cificiency of O.20to0 0.5 and at a higher collcetor 
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current. Figure 26 shows the efecto tactic =. lee ne 
fOr three different temperatures with ote seamancucn. 


held constant. 
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VI. CONCLUSIONS 


It 1s concluded that an electrogase i onie=D .opemean 
mmdaeed by suceesstully used=to measure In temsewcu pewlEem. 
fields. Results comparable to or better than some of the 
eeersting het=Wire anemonmeters Wave been obtamned. 

The following specific conclusions are drawn: 

ieee A controlled@relative nunc lee Gesu tea sam 
Meereniticant improvement an the measuremenes or eurpullence 
intensity in the high frequency range of the spectrum. 

ZU. Intec lester now eape NWede eave Op ann Umeeme meses ike 
meew22). This parameter is a highly cratireal one. A 
miemece Of 1° can, at times, make a difference of measuring 
Memiachiy intense turou 
pew KHZ, Sometimes Saturation temperature provides op- 
timum results. At other times no tape heat (5°F below 
Saturation temperature) nnetiides Open UienOStIEES Een ei) 
mei last Case, an IM@mease in tape heat of oneéw@@egrec Te- 
wes in a Marked steadiness of total ctirrent and collector 
eimment. An increase of an additional 1°F would steady 
f@omcurrent even more but, for some runs, would also result 
mia signiticant high frequency detection loss. This fact 
[Pmeontrary to expectation, (Carlier investigation indicated 
that the steam droplets seemed too large already). 

bee ye diel. (Os. "Ol CelOT Wer Tent fOr LGeadl CULTCHE 
greater than 0.20 seemed to provide best results (Fi gure Ge. 

4. A marked improvement could sometimes be seen dur- 


aoe transient Conditionss especially after a Change 11° Vole 
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The time required to reach steady states concie ems ens 
generally 30 seconds to one minute. Ploweyven sete ere 
instances, transients were noted even@arter £1 ye, namees. 
indicating that steady state conditwensy are: import aie. 

5S. An@optimum applsmed voltagcem@manvemexi1sSts a below 
mee no collector current is prodvécd and vaboye wien 
moe hich frequency turbulence can be measured=, This latter 
lmemonemon may be due to an ancréasineg charge built up 
mem partiche, resulting in an increased drift wellocity 
back upstream to the attractor ring (Figure 25). 

Gene Crrechmouman Je TC aS cCamimnes UC all PilgermmeGC LS 
Memcoittt the current@efficicncy Gurves to the Trent 
Memeure 23). This 18 comparable to comeliusions drawn by 
meeeoy '10! for simebe-phase flew. Satiiateom Guiec tie Om 
miemotean were Lost in converting pressure and temperature 
memmenisity, however, and are not accounted for in this fic¢- 
Mee. These also seem to play an @mportant role: 

fo ELONE Pete SCemse De Etcr fran fi necen po mee ee lilies 
i> in agreement with our previous arguments for smaller 
mass particles. 

Sean 1Otal cColkected cinent seemed to have an veiiect. 
meamebest results a collector current of one-half microan- 


gece Or orecater was required (Table 1). 
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VII. RECOMMENDATIONS 


Several areas»meed to bewfurther exp lered moma, 
to refine the electrogasdynamme@ probe andyenianees nt enne 
Seplicationsmof this device. Wie aveas wave. ene eto lee. 
an ¢ : 

li; Measurement of the tumeulemec antemsuty wan 
Mero @f-tne-art NOt=-Wire anemometer equipment stomcemeres 
femme al accurate and consistent turbulence antensity fre- 
G@mency spectrum. 

eee ie vestigation Gmto thesefiecr of highemmap- 
meecd yOltages on the production of charged particles and 


gmoetter high voltage supply, @.e., regulated to avoid 


bad = = e a es 
mee emt fluctwateens @t 3.0@e:lovolts (BB ripple factor 


ecm.) % ) 
eeebe lee, SINStyUunemi at on sO) tien cont. Om © mmosec 11) 
Mmemrcure and temperature, 1.€., more accurate monitoring 


Meeeenese data. Temperature control should be within at 
Neste 0.5°F, preferably + 0.:2°F and pressure control to 
mmr ast + 0.05 psi. This would aljow accurate deéter- 
memaeron of steady state conditions and insure that the 
critical parameters are indeed con$tant. Also, continuous 
eme toring Of air humidity upstream of the cylinder is 
Mesiraple to eliminate interruption of the experiment for 
humidity measurement and to preclude any unknown changes 


from occurring between measurements. 


bys 








4. <A study to determine whether there as any sieni- 
ficant difference between the turbulent give lage coieer 
phase fluid and that of the fluid when a second phase is 
macroduced. It ais possible that £he twe=piase Llowona. 
Part the spectrum towards lower Grequcietc cm > wav cene 
Semenc large, massive particles Whteh ame preocmce 

pean Llimanhation Of the temperauurendmutrere mec per 
foreen the free stream and the nozzle air. In addition to 
- the lack of two-phase flow, using the hot-wire as a ref- 
ence introduces another discrepancy - the presence of 
Ewe temperatures in the fluid. Since the hot-wire mea- 
sures eee aces. any sensing of intermittent tempera- 
tures due to two different temperatures rather than to a 
ieee rence in turbulence intensity comld jlead to a Signi- 
iment distortion of the frequency spectrum curve, 

Se UNCOnLCtTICdiestudy sof thewicturecsand trequemey 
mee Of the turbulence in the wake of the cylinder and 
meeree tO determine if, indeed, the hot-wire ee 
meereasuring all effects present. 

(me FUrehey anvesei cari oi One sec tech Ct Small 
emamees in temperature and pressure on the formation of 
oropiets and the production of collector current at various 
Mmeecaquency ranges in the turbulence spectrum. An accurate 
Sepermiination of the size of the droplets as a funetion 
of the various parameters, especially temperature and 
pemessure, at a given humidity, will greatly aid in “deter- 
Minimg the proper environment for the future Ace Of “te 


EGD probe. 
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RMS DETECTOR AND MULTIFILTER 
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TSI HOT-WIRE ANEMOMETER AND FILTER 





Apparatus Ready for Testing 


mioUrme 10 
CONFIGURATION FOR HOT-WIRE TESTING 
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MAIN AIR ONLY (185 fps 





MAIN AIR (185 fps) NOZZLE AIR (8psig 


FIGURE !!. X-Y DISPLAY FROM HOT-WIRE ANEMOMETER 
L=!0 mm (¢ 
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MAIN AIR ONLY (185 fps 





MAIN AIR (185 fps) NOZZLE AIR (8 psig) 


FIGURE 12. X-Y DISPLAY FROM HOT-WIRE ANEMOMETER 
L=5 mm (@) 
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APPENDIX A: PHASE SHIPT SCARCURAIIGNs 


The phase shift.1s calculated Detow siete eae wean 
woich equipment changes were made. §iie relation eve nuns 


Paascusiift ise 








folio) = Ae - 1 
d Se 
WC 
et be 
wCR 
Z 3 
Pe eps Ge) 8 


1. CoemOp oO micrOftarads, K = J0De000 chins: 


Meet = 25 Hertz: 


d = eat es 
2 (25)(005 x mee) elo 
anal 
= “ecpotuame Cea sbe ¥/) 
ae 


Mapre= 2 OOO Hert Zz: 


tan + (0.00016) 


fe 
ll 


=e 
Ge= 10 macrofarads, R = 0GReGOsohmse: 
ier — 25 Hertz : 


Se tan © eo vO) 


= (9 
S. r— Sh emcrotaradsS 0k —» 52540 Cm olns 


Nomen = 2 5ehlertz ; 
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APPENDIX B: DETERMINATION OF Vems 


The signals measured in this imvesti gataom areuex 
mrcssed in decibels for €asé in Mamwepulat) onmeiic cea 
is simply a ratio of some power level, W, to a reference 


mower level, We» anG de iameceaas 


; W 
Vems = 19 1o8i9 Wo 


! 
bd 
© 
bd 
oO 
Q 
S 
~*~ 


= 10 log,, (V/v,)° 
20 logy (V/V,) 4B. 


PezeroOrmdeecdin implies thatey = N ae If V = Je ile a 
Vewts = 20 dB. Likewise, if V = 100,000V ehiem Vests = 100 
G@ecibels. 

im@eesteonal into the RMS detector Bs inte cada diesem 
mmeolir= second period during which each of thirty diserere 
meeiuencies are sampled simultaneously 1024 times in one- 
mimic Octave bands. The detector measures values of Vol- 


fimeewith a one-millivolt referenca level. This is 


eomvertea to decibel form using the equation 


2 





; N V(t,) 
\evcg = SO eSaa s v, ab 
ea 


where 


Measured value 


<= 
ro 
ct 
=r 
/ 
t| 
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V.= reference level 


I 


number of sampies (binary number). 
The Computed data are then displayed dagitally sonmene ena aie 
cubes and are projected on the X=) sda spilay sicnmea lorem tonee 
A scale-factor adder adjusts the outpue sec lereaae 
ings. Normally a one-volt RMS input produces an output- 
evel reading of 60 dB. This reading is adjustable Gmeone 
ipesecps tO a maximum Gf 159 dB. This adjustmemt doesnot 
affect the analog output levels. 
iis an order to determine Venus? the nixies tubeseonr 
item *-Y display are read as follows: 


ile Mitece Reading irom XA-Y Disp lays 


Se 





T = By ar aed 
Calibration. 2a 
Reference level 
oe Reading from the Nixie Tubes. 












40 dB 40 dB Thas> vedding 15 ‘presene 
Wel, Gn si onalestS ma) ceteme 
40-80 dB 40-80 dB Actual values on nixies 
ne COT real 


80-120 dB 40-80 dB Add 40sdB-to valve shown 


on Nixaes to Obtain actus 
6] 


Remarks 














value 








The frequencies at which measurements are made are 


displayed both along the x-axis of EheuxX- Yds cota, said 


Ehe Wixmie tubes an -the following scomene. 


[ast eoor [tnt [wna [ood [Freese 
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APPENDIX C: TERMINOLOGY SEERA Ve) iS ees 


From Reference 4, the ratio oO meene wEG! someon common 


dvicdediby the correspondimeasy and. tle ne mcm auleiez ecu 


oRMS ? 
mescuilts in 
Ly Ane 
T'(£) = -~—-- 
8 RMS 
where 
7 =EopeCGtnd! probe acim ne miu 


A = area of the collector 
Hae —menunoc rT Comsat yw ror Cha nccmumaneneles 
(weno rce sporeparcrele 
Usps = RMS value of the LlvctUating seonpoment On «auc 


Pas Ve locity . 


Merc — reference voltage of one millivolt. Dividing both 
tee nimerator and the denominator by ¢€ and taking the log- 


Pitt hm Of both sides results in 


log, tT, (£) | Noga I /Aan ase - log, ,U,,RMS/e 
8 


Te Th 


where now f 
Tp = intensity of the turbulence as measured by the 
EGD probe and expressed in decipels- 


Ty = intensity of the turbulence as measured by the 


hot-wire anemometer and expressed in decibels. 
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